Carbon allotropes such as graphene and carbon nanotubes, have been incorporated in electrochemical biosensors for highly sensitive and selective detection of various analytes.
Introduction
With the rapid industrialization and urbanization over the past few decades, environmental issues like the pollution of air, water and other natural resources have been a major global concern. Some of the major anthropogenic sources that contribute towards the deterioration of environments are derived from industrial and agricultural activities such as improper solid waste disposal and bioaccumulation of toxic wastes, massive use of pesticides and synthetic fertilizers, use of biological warfare agents, etc. Humans are often exposed to a myriad of adverse health effects due to the toxicity of these pollutants, mainly through the ingestion of contaminated food and drinking water, as well as the inhalation of ambient air with high concentrations of pollutants. These issues emphasize the importance of developing reliable, highly sensitive, user-friendly and cost effective tools for constant monitoring and detection of pollutants in different mediums.
In spite of recent advances in technology, using inexpensive yet reliable devices for the selective and accurate detection of pollutants in complex samples remains a challenge due to interfering species often found within the sample matrix. The most commonly used analytical techniques for detection include gas chromatography/mass spectrometry (GC/MS) (Auroux et al., 2002) and atomic absorption spectroscopy (AAS) (Van Loon, 2012) . Though highly sensitive, these analytical techniques are time-consuming, expensive, require a lot of expertise to be operated and are not easy to be deployed in the field due to their bulky size. Overcoming these limitations, chemical sensors have emerged as an alternative, a simple, rapid, cost-effective and portable tool for analyzing environmental security threats. Biosensors, a class of chemical sensors, are self-contained integrated devices that are capable of providing specific qualitative or semi-quantitative analytical information by integrating a biorecognition element which is in direct spatial contact with a transduction element (Thévenot et al., 2001) . The biorecognition element, usually an enzyme, antibody or an oligonucleotide selectivity binds a specific analyte from the given sample and the transducer element converts the chemical event into a measurable signal like current, mass, fluorescence or pH change. Among these different platforms, sensors based on a change in electrical property remain an attractive option due to their simple operation, 4 facile fabrication process and device integration. They typically operate by measuring the change in conductivity of the sensor upon adsorption of the analyte molecule onto the sensory element.
Carbon-based Nanomaterials
Over the past two decades, advancements in the field of nanotechnology towards synthesis of nanomaterials and understanding their fundamental properties have been substantial.
Carbon-based nanostructures, including carbon nanotubes, graphene and graphene oxide, have been hot topics in the field of material science (Geim and Novoselov, 2007) . Owing to their intriguing physical, chemical and electrical properties, carbon-based nanomaterials have thus emerged as potential candidates for development of next generation miniaturized biosensors (Wang, 2005; Shao et al., 2010; ). The planar geometry of graphene and tubular geometry of carbon nanotubes ensures exposure of almost all the surface atoms which enables binding a significant fraction of analyte molecules to the transduction material. The Debye length, λ D , a measure of the field penetration into the bulk, is comparable to the dimensions of these nanostructures, which causes significant modulation of their electronic properties upon exposure to chemicals. These properties enable label-free detection of analytes with higher sensitivities and lower limits of detection. Furthermore, they can easily be configured as fieldeffect transistors (FETs) using lithography techniques and integrated with the modern microelectronics for fabrication of multiplexed devices that can detect a number of analytes simultaneously (Cullen et al., 1990) . Apart from graphene and carbon nanotubes, other carbonbased nanomaterials, such as carbon nanofibres (CNFs) (Periyakaruppan et al., 2011; Adabi et al., 2015) and nanocrystalline diamond (NCD) (Härtl et al., 2004 ) also exhibit improved electrochemical activity. However, the number of reports exploring the use of these nanomaterials for electrochemical detection of environmental pollutants are limited. The scope of this review is to discuss the latest progress in the field of electrochemical biosensors based on graphene and carbon nanotubes for sensing of environmental pollutants such as pathogens, heavy metals, pesticides and small organic pollutants.
Graphene

Structure and properties:
Graphene is a two-dimensional (2-D) sheet of sp 2 hybridized carbon atoms arranged in a honeycomb shaped lattice. As shown in Fig. 1(a) , graphene is the basic building block of other carbon allotropes as it can be wrapped to get 0-D fullerenes, rolled up cylindrically to get pseudo 1-D carbon nanotubes and stacked to form 3-D graphite. (Geim and Novoselov, 2007) The twodimensional geometry of graphene results in a very high surface area (theoretically calculated to be 2630 m 2 /g, almost twice as that of SWCNTs), thus exposing a significant fraction of surface atoms to analytes. Graphene is a semiconductor with a zero band-gap. It exhibits ambipolar electric field effect with charge carrier mobilities exceeding 15,000-20,000 cm 2 /Vs even at room temperature ( Fig. 1(b) ). This makes the electronic properties of graphene sensitive to both electron-donating and electron-withdrawing molecules. In addition, graphene exhibits superior mechanical and thermal properties, optical transparency (~97.7%) and flexibility. These physical, chemical and electrical properties make graphene an attractive candidate for the fabrication of label-free electrochemical biosensors with high sensitivity (Huang et al., 2011; Ohno et al., 2010) .
Synthesis:
Exfoliation: Graphene was first isolated in 2004 at the University of Manchester by Novoselov and Geim using scotch-tape exfoliation of highly oriented pyrolytic graphite (HOPG) (Novoselov et al., 2004) . This method, also called micromechanical exfoliation or peel-off method, relies on isolation of individual π-stacked layers in graphite by repeated peeling using a scotch tape. Graphene obtained using this method is usually defect-free and of high quality, however, the sample size is very small (few microns) and suffers from poor yield. This method has been limited to lab-scale fundamental studies and not for commercial synthesis of graphene.
To overcome these limitations, liquid-phase exfoliation of graphite in solvents like N-methylpyrrolidone (Hernandez et al., 2008) and surfactant (sodium dodecyl benzene sulfonate) solution has been demonstrated (Lotya et al., 2009 ). This technique, though facile, has its own limitations such as the resulting graphene film dimensions and the incomplete removal of solvents which tend to have high boiling points. Due to its low cost and low number of processing steps involved, this technique provides a potential route for large-scale synthesis of graphene-based sensors.
Reduced graphene oxide: Graphite oxide (GO) is synthesized by Hummers method which
involves treatment with potassium permanganate (KMnO 4 ) and concentrated sulfuric acid (H 2 SO 4 ) for simultaneous oxidation and exfoliation of graphite (Hummers and Offeman, 1958) .
The acid treatment introduces polar oxygen functional groups like epoxies, carbonyls, hydroxyls, etc. which makes GO hydrophilic. Using mild sonication, the GO sheets can be dispersed with ease in many solvents, particularly well in water (Paredes et al., 2008) . Thereafter, the colloidal solution of graphene oxide can be reduced to graphene using different treatments like chemical reduction by directly adding reducing agents like hydrazine (Stankovich et al., 2007) or by thermal reduction using elevated temperatures (200 -900 ºC) (McAllister et al., 2007) .
Electrochemical reduction by immobilizing the GO onto an electrode surface and successively performing reducing scans by sweeping potential from 0 to -1.5 V is perhaps the simplest and most convenient method to obtain reduced graphene oxide (rGO) and oxygen functional groups due to incomplete reduction. These functional groups can be used for direct covalent binding of biological receptor and are known to enhance the electrocatalytic properties of graphene.
Chemical vapor deposition (CVD):
The fabrication of graphene-modified electrodes and graphene-FET devices for sensing applications requires bulk production of large-area graphene films. Chemical vapor deposition on transition metal substrates like Ni (Obraztsov et al., 2007) , Pd (Hamilton and Blakely, 1980) , Pt (Zi-Pu et al., 1987) and Cu (Mattevi et al., 2011 ) is a promising, cost-effective and high-throughput method for synthesizing large-area graphene films with relatively fewer defects. CVD synthesis of graphene, simply put, is the subsequent diffusion and surface segregation of carbon atoms, obtained during the thermal decomposition of introduced hydrocarbons, upon cooling of the carbon-metal solid solution (Fig. 2) . In particular, CVD synthesis of graphene on Cu has gathered the most interest due to low solubility of carbon in copper. This method gives control over the grain size, crystallinity and number of graphene layers by regulating the gas flow rate, growth time and cooling rate. The defect-free transfer of graphene onto desired substrates has also been studied in depth (Srivastava et al., 2010) . This makes integration of graphene with conventional Si-based electronics much easier and serves as a platform for fabrication of miniaturized biosensors. (Wilder et al., 1998) . The chirality can be designated as armchair, zigzag or chiral depending on the axis upon which the CNT was rolled (Fig 3) . Armchair SWNTs are metallic in nature (zero band-gap) and therefore cannot be used for chemiresistive/FET based sensor fabrication which requires semi-conducting material. SWNTs of other chiralities are semi-conducting in nature with band-gap depending primarily on tube diameter (Odom et al., 1998; Dresselhaus et al., 2004) .
Synthesis:
There are three primary methods of CNTs synthesis: arc discharge (Iijima, 1991) , chemical vapor deposition (CVD) (Kong et al., 1998) , and laser ablation (Guo et al., 1995) . CNTs were first obtained using carbon-arc discharge. Depending upon the catalyst used, this method yields MWNTs or SWNTs with high yield (~90%) and gives better control over the dimensions of synthesized tubes (diameter between 0.6-1.4 nm for SWNTs and about 10 nm for MWNTs and tube length close to few microns). The high yield and reproducibility make this method suitable for large-scale commercial synthesis. Chemical vapor deposition, much like arc discharge, is also catalyst dependent and results in small diameter CNTs. Though the yield of CNTs is comparatively lower, the resulting CNTs are much cleaner needing less cleanup of soot and crude products. Laser ablation gives the cleanest CNT though at a higher price and lower yield with SWNT diameters of 1-2 nm. All these synthesis methods result in a mixture of metallic and 8 semi-conducting CNTs. Now, issues that still remain to be addressed are: 1) separation of CNTs from impurities which usually require harsh treatments that often damage CNTs resulting in shortened length or defected CNT surfaces, 2) the separation of metallic CNTs from semiconductive CNTs and 3) reducing the formation of CNT bundles which occurs naturally due to van der Waals attractions. CNT cleanup approaches can vary depending on the initial method of synthesis. Separation of metallic and semi-conductive CNTs can be done through selective functionalization (Maeda et al., 2008) , selective destruction by electrical heating (Collins et al., 2001) , or separation by density gradient ultracentrifugation (Lipscomb et al., 2011) , among others (Scheibe et al., 2011) . To decrease bundle formation, CNTs can be functionalized with chemical groups or suspended in a surfactant containing solution (Guldi et al., 2003) .
Electrochemical biosensors
As discussed earlier, the geometry of carbon nanomaterials, 2-D (planar) in case of graphene and 1-D (tubular) for CNTs, makes them ideal transduction materials. Additionally, their electrochemical properties such as faster electron transfer kinetics, low residual current, readily renewable surface, wide potential window and enhanced currents with significant reduction in over-potential make carbon nanomaterials promising candidates for biosensing applications in comparison to other carbon-based electrode materials like glassy carbon . It has been experimentally demonstrated that the electrochemistry of graphene is driven by the edge-plane sites that can exhibit an electron transfer rate (k e ) as high as 0.01 cm/s (Pumera et al., 2010) . So, the high density of edge-plane defect sites per unit mass of the material in carbon nanotubes and chemically modified graphene enhances their electrochemical activity, making them highly sensitive and selective transduction materials in comparison to other nanomaterials such as metal oxide nanowires and conducting polymer films (Kong et al., 2000) .
Device Fabrication
Electrochemical biosensors based on graphene and CNTs can broadly be divided into two device architectures: (i) conventional three electrode set-up, (ii) chemiresistive/FET set-up (Balasubramanian and Burghard, 2006) .
The three electrode set-up, commonly used for amperometric, impedimetric and potentiometric biosensors comprises of a working (WE), reference (RE) and counter-electrode (CE). Fig. 4 shows the schematic representation of a conventional three electrode system for electrochemical detection of analytes. For working electrodes, the commonly used glassy carbon electrode (GCE) surface is modified by depositing a film of graphene or carbon nanotubes.
Graphene flakes obtained by exfoliation and dispersed in surfactant solution are drop-casted onto the bare GCE surface, baked at slightly elevated temperatures (40-60°C) and washed repeatedly with deionized water. In the case of carbon nanotubes, due to their low solubility in most solvents, CNT-modified electrodes are prepared by casting of CNT/sulfuric acid solution on GCE surface. Nafion, a perfluorosulfonated polymer, is also used extensively to solubilize CNTs (Wang et al., 2003) . The resulting biosensors greatly benefit from the coupling of the unique ionexchange and antifouling properties of Nafion films with the efficient electrocatalytic properties of CNTs.
For the fabrication of chemiresistive/field-effect transistor (FET)-type biosensors, graphene is first transferred on to a substrate due to its planar geometry, followed by patterning of metal contacts using electron beam lithography or photolithography (He et al., 2012) . On the other hand, carbon nanotube-based FETs are typically fabricated by first patterning the metal electrodes on the substrate followed by bridging of the electrode gap with carbon nanotubes (Kim et al., 2007) . terminal electrodes and no gate, called a chemiresistor, can also be used. In a chemiresistor, the absorbed molecules on the surface are used to modulate the conductance instead of a gate electrode (Kim et al., 2007) .
The planar geometry of graphene makes it easier to deposit on the flat substrate. CVDgrown, large-area graphene films are deposited using a polymer (PMMA) support film and the polymer film is eventually dissolved in acetone. For anchoring carbon nanotubes, different methods have been discussed in literature including direct growth on substrate using chemical vapor deposition (CVD) growth (Byon and Choi, 2006) , drop casting (DC) (Zheng et al., 2003) , and dielectrophoresis (DEP) (Tlili et al., 2010) . Dielectrophoretic alignment methods prevent the bundling of CNTs and aligns individual CNTs across the source-drain electrodes. A modified drop casting method has been demonstrated where the Si/SiO 2 wafer is treated with APTES (3-aminopropyltriethoxysilane) which leads to a monolayer of aminosilane, a chemical known for its affinity to CNTs. Incubation with dilute SWNT solution leads to a uniformly distributed highdensity network of SWNTs . The process can be used for wafer level fabrication of CNT sensors. The techniques of DC, DEP and APTES-assisted self-assembly have been used for making rGO-based chemiresistor/FET devices (Becerril et al., 2008; An et al., 2010) .
Functionalization of electrode surface with biomolecules
For the detection of analytes from complex matrices, the transducer element of the biosensor has to be coupled with a biorecognition molecule, i.e. enzymes, antibodies, aptamers, etc., for enhancing the biosensor selectivity and achieving high sensitivities without using labeling or amplification techniques. The two general approaches for modification of the electrode surface with biomolecules are: covalent and non-covalent functionalization. For covalent attachment of biomolecules, carbon nanotubes and graphene are oxidized to introduce carboxylic (-COOH) groups on the sidewalls and edge-planes of carbon nanotubes and graphene (Datsyuk et al., 2008) ; reduced graphene oxide already has -COOH groups. These carboxylic groups couple with the amine (-NH 2 ) groups in protein or the amine terminated ends of an aptamer via amide bond formation. Though effective, covalent modifications disrupt the in-plane sp 2 bonding in the carbon lattice pattern and introduce defects that significantly affect the desirable electrical properties of the nanomaterials (Banerjee et al., 2005) . Non-covalent functionalization of carbon nanomaterials, on the other hand, modifies the electrode surface in a non-destructive manner and also enhances the solution phase stability of the nanomaterials by preventing restacking or aggregation. This can be achieved by either direct physical adsorption of the biomolecules on the surface of the SWNT/graphene or using a bifunctional linker molecule that can be grafted to the sidewalls of CNTs or planar graphene ). An example of such bilinker is 1-pyrenebutanoic acid succinimidyl ester (PBASE) in which the pyrene binds to SWNT non-covalently through π-π interaction and the succinimidyl ester forms an amide bond with the amine group of a biomolecule (Fig. 6) . In order to prevent the nonspecific binding of the biomolecules, the uncoated areas of graphene/CNT can be coated with a surfactant such as Tween 20 or using an inert protein bovine serum albumin (BSA) (Steinitz, 2000) .
Sensing of environmental pollutants
Detection of pathogens
Microbial diseases due to infections from bacteria, viruses and other pathogenic microorganisms constitute the major cause of death in many developing countries. These pathogens could and have been used as biological warfare agents. Hence, rapid and cost-effective detection of pathogens is essential for proper diagnosis, outbreak prevention and prescribing correct therapeutic treatment. The commonly used methods for detection like polymerase chain reaction (PCR) (Rodríguez-Lázaro et al., 2005) and enzyme-linked immunosorbent assay ELISA (Crowther, 1995) , though sensitive and selective, are multi-step and additionally require sample pretreatment and long assay times. Carbon nanomaterial-based electrochemical biosensors, owing to their high sensitivity and specificity, facilitate detection of a broad spectrum of analytes in complex sample matrices and do so in a simple and cost-effective manner.
By functionalizing carbon nanomaterials with antibodies specific to the pathogen of interest, highly selective and sensitive detection of bacteria and viruses can be achieved. Liu et al. (Liu et al., 2013) reported a reduced graphene oxide -FET biosensor targeting viruses using antibodies (see Fig. 7 ). Rotavirus, a water-borne virus that is the leading cause of severe diarrhea among infants and young children, was used as a model virus. Single-layered and largearea graphene oxide sheets with grain sizes greater than 50 μm were spin-coated on a Si/SiO 2 substrate and thermally reduced to reduced graphene oxide (rGO). The electrodes were patterned using photolithography and a PDMS microfluidic channel was bonded to the substrate. Reduced graphene oxide was then non-covalently functionalized with rotavirus-specific antibody using (Fig. 9) . Incubation of device with Pseudomonas aeruginosa did not produce a significant change in response of FET, indicating the high specificity of detection. To evaluate and confirm device pH sensitivity, the device was incubated with different pH buffer solutions (pH 3-11, odd only) and three different measurements were taken: I d -V ds , I d -V g , and real-time current (shown in Fig. 10(a) ).
For the detection of live bacterial cells, real-time current was recorded for devices incubated with 10 5 cfu/mL E. coli bacteria. The addition of glucose into the phosphate buffer saline hydrated device induced metabolization and subsequent release of acidic metabolites (e.g. pyruvic, citric, and lactic acid) from the living bacterial cells, thus changing the pH near the electrode and causing a drop in the current ( Fig. 10(b) ). An LOD of 10 cfu/mL was achieved for the capture of E. coli bacteria, while LOD for live bacteria was not explored.
The reports discussed above successfully demonstrate that CNTs and graphene coupled with a variety of recognition elements can be used for highly sensitive and selective sensing of pathogens from environmental monitoring and diagnosis viewpoints.
Detection of heavy metals
Heavy metals are considered one of the major pollutants of the biosphere due to their toxicity and lengthy persistence in the environment. Sources of wastewater contain heavy metals including lead (Pb), cadmium (Cd), mercury (Hg), copper (Cu), zinc (Zn), nickel (Ni), etc., mostly from metallurgical industries such as mining, smelting, electroplating, automotive, battery and electric cable manufacturing (Yilmaz et al., 2007) . Therefore, an acute need exists for the detection and real-time monitoring of these heavy metals in natural and industrial environments.
The current detection methods based on spectroscopy (AAS, AES, ICP-MS, etc.; Burlingame et al., 1996; Jackson et al., 1996) are expensive and not suitable for on-site detection.
Additionally, they can only detect the total amount of heavy metal and not the bioavailable concentrations accessible to the living organisms. Enzyme-based biosensors have been reported in literature for highly sensitive detection of heavy metals. The detection scheme is based on the inhibition of enzyme activity upon conjugation of metal ions with thiol groups in the enzyme (Wanekaya et al., 2008) . But these biosensors lack selectivity due to interference from other heavy metal ions and pesticides present in aqueous environments. Furthermore, due to the poor stability of enzymes at physiological pH, enzyme-based biosensors are not suitable for practical real-time detection of heavy metals.
DNA-functionalized CNT biosensors (aptasensors) have become a widely used tool to study the interactions of DNA with many heavy metal ions due to the stability of DNA in physiological pH environments. Liu and Wei (2008) reported an electrochemical biosensor based on DNA-functionalized, single-walled carbon nanotube (DNA-SWNT) hybrid-modified glassy carbon electrode (GCE) for the detection of Arsenic (As) which is documented as a toxic mineral and an anti-cancer drug. The detection was achieved by directly detecting the current resulting from oxidation of As(0) on the biosensor surface to As(III) during the anodic stripping step. The biosensor showed a limit of detection of 0.05 μg/L at pH 7.0 without significant loss of sensitivity over multiple runs. Gong et al. (2013) proposed a label-free, chemiresistive biosensor for Hg 2+ ion detection based on polyT:polyA duplex-functionalized SWNTs. The detection scheme is shown in Fig. 11 .
In brief, the SWNT chemiresistive biosensor was fabricated through non-covalent functionalization of SWNTs with a linker molecule (PBASE) via π-π bond interaction. The amino-labeled oligonucleotide polyT (5´-/5AmMC6/TTT TTT TTT TTT TTT-3´) was covalently attached to the linker via amide bond formation followed by hybridization with polyA to form a polyT:polyA duplex. Upon incubation with Hg 2+ solution, the resistance/conductance of the SWNT chemiresistor device changed due to the dehybridization of polyT:polyA duplex which occurs simultaneously with the formation of T-Hg 2+ -T duplex and the release of polyA from the SWNTs surface. As shown in Fig. 12(a) , the calibration curve with the normalized change in resistance for varying concentrations of Hg 2+ showed a linear response for Hg 2+ concentrations ranging from 100 nM to 1 μM with a 6.72 x 10 -3 nM -1 sensitivity. The selectivity of the biosensors was tested by measuring the response upon incubation with different metal ion solutions ( Fig. 12(b) ). Lian et al. (2014) proposed a novel electrochemical sensor with DNA wrapped metallicSWNTs for detection of Pb 2+ in water. The mechanism of detection, shown in Fig. 13 , was based on the ability of Pb 2+ to form complexes with DNA by binding to negatively charged phosphate groups (Liu et al., 2009) or to the bases of DNA structures (Oliveira et al., 2008 
Detection of Pesticides
Pesticides are extensively used in agricultural activities to control certain forms of plant or animal life and increase the production yield. However pesticides are well known toxic pollutants that are hazardous to human health. Organophosphates (OPs), the most commonly used toxic substance in pesticides, can lead to cholinergic dysfunction, which affects the health of both humans and animals. Rapid, sensitive and cost-effective detection of OP neurotoxins is important for protecting water resources and food supplies, in the defense against terrorist activity, and for monitoring detoxification processes. Traditional laboratory-based analytical techniques for detecting OPs include chromatography and mass spectrometry which are rather time-consuming and expensive (Sherma, 1993) . Enzyme-based biosensors using carbon nanotubes as the transducer have been used for highly selective and rapid detection of pesticides.
These enzymatic biosensors can either be used for direct detection based on the catalytic activity of organophosphorus hydrolase (OPH) (Mulchandani et al., 2001) or based on the inhibition of activity of several enzymes present in pesticides like acetylcholinesterase (AChE), butyrylcholinesterase (BChE) and tyrosinase (Tyr) (Andreescu and Marty, 2006 and Tanimoto de Albuquerque and Ferreira, 2007) .
The toxic action of OPs by inhibition of catalytic activity of acetylcholinesterase (AChE) prevents nerve transmission by blocking breakdown of the transmitter choline. Biosensors based on the inhibition to AChE have been widely used for the detection of OP and carbamate pesticides. Du et al. (2007) reported an AChE biosensor for rapid determination of triazophos, an organophophorus insecticide. A multiwalled carbon nanotube (MWNT) -chitosan composite was used as the working electrode and AChE was non-covalently immobilized on the electrode surface using glutaraldehyde as the cross-linker. The interaction of AChE with acetylthiocholine produced thiocholine and electro-active product which produces an irreversible oxidation peak.
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The inhibition effect of OP on AChE was determined by monitoring the decline of oxidation current of thiocholine for increasing concentrations of triazophos. (Fig. 14) Although sensitive, biosensors based on AChE inhibition display poor selectivity since AChE is inhibited by neurotoxins which include not only OP pesticides but also carbamate pesticides. Since the inhibition of enzyme activity is irreversible, they are only suitable for single-time use. Also, the protocols involve multiple steps which is undesirable for detection on a real-time basis. A direct and real-time biosensing route for detection of OP neurotoxins involves the biocatalytic activity of organophophorus hydrolase (OPH), an enzyme that has a broad substrate specificity and is able to hydrolyze a number of organic phosphorus (OP) pesticides such as paraoxon, parathion, coumaphos, diazinon, dursban, etc (Mulchandani et al., 2001 ). MWNTs which can be explained by a more uniform SWNTs network and subsequently uniform enzyme deposition. The hydrolysis of the OP pesticide, in this case paraoxon, generates pnitrophenol which is electroactive and can be electrochemically oxidized at the anode surface.
The oxidation was monitored amperometrically in real time under flow-injection (FIA) mode. As shown in Fig. 15 , the oxidation current increases linearly for increasing concentrations of paraoxon for both SWNT-OPH and MWNT-OPH immobilized by the EDC-NHS process. The biosensor displayed high sensitivity and good stability with a dynamic concentration range of 0.5-8.5 μmol/L for SWNT-based devices and a detection limit of 0.01 μmol/L, which were attributed to the covalent functionalization of CNTs with OPH enzyme.
We reported a highly selective and sensitive amperomteric biosensor based on mutant of OPH enzyme with improved catalytic activity for phosphothiolester (organophosphorus pesticides with P-S bond) such as s-demeton (also a simulant of VX and VX-R nerve gases/chemical warfare agents). The enzyme-electrode had a dynamic linear range up to 85 M, a limit of detection of 1 mM (equivalent to 258 ppb) and no interference even from other organophosphorus family pesticides such as malathion, methyl parathion, diazinon, etc. and carbamate family pesticides such as sevin and sutan (Joshi et al., 2006) .
Detection of small organic molecules
Detection of small organic molecules like toxins, explosives, pharmaceuticals and personal care products, etc., is important from an environmental monitoring point of view.
Sensing based on traditional modes of affinity sensing is challenging with methods often requiring sample concentration and signal enhancement due to their small size. However, these organic molecules of interest typically contain electroactive functional groups which can be oxidized/reduced by applying a potential. Thus, electrochemical biosensors are ideal candidates for the monitoring of these analytes in the environment.
Endocrine Disrupting Chemicals
Endocrine-disrupting chemicals (EDCs) are substances that mimic natural hormones in the endocrine system, thus causing adverse effects on human health, most notably in children and fetuses (Diamanti-Kandarakis et al., 2009) . Bisphenol A (2,2-bis (4-hydroxyphenyl) propane (BPA)) is one such endocrine disruptor that is widely used as a monomer in the production of epoxy resins and polycarbonate plastics that are used for the manufacture of baby bottles, food packaging material and even medical and dental fillings. 
Nitroaromatic explosives
2,4,6-Trinitrotoluene (TNT) has a wide range of uses from explosives and ammunitions to manufacturing of dyes, plasticizers and pesticides. Traces of TNT can be found in soil and groundwater due to its persistent nature (Pennington and Brannon, 2002) . Park et al. (2010) reported a carbon nanotube immunosensor/affinity biosensor for on-site, rapid and highly sensitive detection of TNT. Briefly, the SWNTs, dielectrophoretically aligned across the conducting channel, were non-covalently functionalized with trinitrophenyl-ovalbumin (TNP-OVA) and ligated with an anti-TNT single chain antibody (scAb). Upon incubation of the device with TNT, which has a higher binding affinity to anti-TNT scAb, displacement of the attached scAb resulted and produced a change in the conductance of the device. The detection scheme is showed in Fig. 17(a) . The sensor was able to detect TNT concentrations ranging from 0.5 -5000 ppb in buffer solution and real water samples spiked with TNT and displayed high selectivity in the presence of other nitroaromatic explosives ( Fig. 17(b) ).
Antibiotics
Aside from industrial pollutants, commercial livestock farming and household wastewater have both gained attention for their contribution to increased amounts of antibiotics in source waters (Lindsey et al., 2001) . Tetracycline is a persistent antibiotic that is often detected even after wastewater treatments. Zhou et al. (2012) showed detection of tetracycline using an aptamer-MWNT-modified GCE. First, the MWNT were carboxylated via acid treatment and then drop-casted onto the glassy carbon electrode. The carboxyl groups were activated using carbodiimide chemistry after which it was incubated with amine-modified anti-TET aptamer (76-base sequence) for 3 h. As shown in Fig. 18 , differential pulse voltammograms spanning from 0.05 to 0.4 V were collected before incubation of working electrode with tetracycline-containing solutions. Ferricyanide solution was used as a mediator and the oxidation peak current at 0.225 V was monitored to quantify the TET concentration. Incubation with tetracycline, led to an anti-TET aptamer/TET complex that hindered electron transfer and decreased the anodic peak current. As the working electrode was incubated with increasing concentrations of tetracycline, the anodic current decreased. A linear correlation was established between signal and log of concentration from 10 nM to 100 µM with an LOD of 5 nM.
Specificity of sensor was demonstrated using structurally similar compounds. When testing spiked milk samples, sensor showed good recovery (88-96%). I ds -V ds curves of anti-E. coli antibody functionalized graphene device after incubated with E. coli of different concentrations (V g = 0 V), (c) I ds -V ds curves of antibody functionalized graphene device before and after incubated with P. aeruginosa and E. coli (both 10 5 cfu/mL) (V g = 0 V) (Huang et al., 2011) . μM TET by comparing it to the interfering agents, including two structurally similar tetracycline derivatives (OTC and DOX) and a structurally distinct molecule (DCF) at the same concentration (Zhou et al., 2012) .
Conclusion and future outlook
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